[1] We consider the hypothesis that Mars never experienced an early warm, wet period and the implications of a continuously cold Martian climate for the hydrology and geochemistry of the planet. Geomorphic evidence previously interpreted to indicate a more temperate early climate can be explained by cold climate processes and the transient flow of liquid water at the surface rather than a terrestrial-like hydrological cycle. In this scenario, freezing and confinement of crustal aquifers lead to the eruption of water or brines to the surface: Hesperian events formed massive ice sheets, and triggered floods that carved the outflow channels, while smaller, present-day aqueous eruptions are responsible for the seepage and gully-like landforms identified in high-resolution imaging. This process may have fluxed a significant volume of groundwater to the surface and the polar caps. A primordial source of groundwater reconciles the present D/H isotopic ratio of the atmosphere with fractionating atmospheric escape and a primordial Martian D/H inferred from hydrous phases of SNC meteorites. A cold early climate and a thin CO 2 atmosphere are consistent with the ubiquity of primary igneous minerals and the apparent absence of secondary minerals and copious carbonates on the surface. Aqueous eruptions introduced soluble chloride and sulfate salts into Martian soils, leaving clays and carbonates within the crust. If the Martian crust hosts a ''deep biosphere,'' aqueous eruptions can bring organisms or their chemical signature to the surface. The biotic component of any recent eruptions may be preserved in transient ice in cold traps on the surface.
Introduction
[2] The history of water on Mars is both controversial and poorly constrained, yet it is integral to the planet's climate, geochemistry, and, possibly, biology. Liquid water is unstable on most of the Martian surface [Haberle et al., 2001] and the current surface inventory of H 2 O is present as ice in the residual polar caps and as interstitial ice and adsorbed water in the high-latitude regolith [Feldman et al., 2002] . However, abundant liquid water on past Mars is geomorphically inferred [Baker, 2001] : Obliteration or softening of Noachian impact crater topography has been cited as evidence of higher rates of erosion and an ancient hydrological cycle. Dendritic valleys networks resembling terrestrial drainage systems dissect early Noachian surfaces and a few late Hesperian or early Amazonian volcanoes [Carr, 1995] . Hesperian outflow channels closely resemble terrestrial landforms carved by catastrophic floods [Baker and Milton, 1974] although a glacial origin has been proposed [Lucchitta et al., 1981] . Researchers have reported (and debated) evidence for paleolakes [Cabrol and Grin, 1999; Irwin et al., 2002] and a northern paleocean [Parker et al., 1993; Head et al., 1998; Malin and Edgett, 1999; Clifford and Parker, 2001] .
[3] Evidence of past warm, wet conditions must be reconciled with the prediction that the ancient Sun was less luminous, e.g., 75% of its modern value 4 billion years ago (Ga) [Gough, 1981] . Lower values of insolation are thought to have been offset by an intense atmospheric greenhouse effect and the composition, origin and fate of such a greenhouse atmosphere has occupied Mars researchers for 30 years [Sagan and Mullen, 1972] . A canonical atmosphere containing 1 -5 bars of CO 2 would have provided the required greenhouse effect [Pollack et al., 1987] but CO 2 condensation and cloud formation would have increased the albedo of the planet and cooled the surface [Kasting, 1991] . The net effect of these clouds is now more uncertain [Forget and Pierrehumbert, 1997; Mischna et al., 2000] . A mixing ratio of 0.001-0.01 parts methane would have significantly augmented a CO 2 greenhouse but requires a prolific abiotic (or biotic!) source of CH 4 [Justh and Kasting, 2001] .
[4] In the presence of surficial liquid water and the absence of tectonic recycling, most of a thick CO 2 atmosphere would have been sequestered as carbonate sediments and rocks. Carbonates, at least in coarse-grained form, have yet to be discovered on the surface of Mars. (As much as 1 bar of CO 2 may have been removed by solar wind sputtering over the last 4 billion years [Kass and Yung, 1995] ). Moreover, intense chemical weathering under warm, wet conditions would have accelerated chemical weathering, the breakdown of primary igneous minerals, and the formation of secondary minerals such as clays. The latter have not been detected on the surface but small amounts are present in SNC (Mars) meteorites. Rather, remote infrared spectroscopy, the elemental composition at three lander sites, and the analysis of SNC meteorites indicate that the Martian surface, soils, and crust consist primarily of unweathered or weakly palagonized pyroxene-containing basalts [Bandfield et al., 2000; McSween and Keil, 2000] . At this time, the spectroscopic data cannot distinguish between andesitic and submarine-weathered basalt mineralogies in the northern hemisphere [Wyatt and McSween, 2002] .
[5] Warm temperatures may in fact be unnecessary to explain the evidence for past surface water. While Noachian erosion rates of 0.1-10 mm yr À1 are several orders of magnitude higher than rates on present-day Mars, they are only comparable to the lowest values in terrestrial arid regions [Golombek and Bridges, 2000] . The landforms discussed above may have formed entirely under cold climate conditions in the absence of a hydrologic cycle similar to Earth's. Most valley networks have the low drainage densities, amphitheater source morphologies, and flat floors produced by sapping processes involving groundwater rather than surface drainage [Pieri, 1980; Goldspiel et al., 1993] , a conclusion supported by highresolution imaging Carr and Malin, 2000] .
[6] Carr [1979] proposed that the Martian outflow channels were formed by catastrophic outbreaks from aquifers beneath a cryosphere. The hydrological activity of the late Noachian to early Amazonian could reflect adjustment of groundwater to hydrostatic equilibrium under cold climate conditions [Carr, 1996 [Carr, , 2000 . Clifford and Parker [2001] [see also Clifford, 1993] describe a scenario in which the early Noachian hydrosphere is initially in hydrostatic equilibrium but evolves to a state of non-equilibrium by the early Hesperian after mean surface temperatures fall and an impermeable cryosphere forms. In their cold-climate hydrological cycle, aquifers are charged by cold-trapping of water at the poles, basal melting under the south polar cap, and the return of water to northerly latitudes via a permeable regolith beneath the cryosphere. Multiple drainage episodes form outflow channels until the late Hesperian when the cryosphere becomes too thick.
[7] Finally, the recent gullies and seepage features described by Malin and Edgett [2000a] indicates that aqueous activity continues on present-day Mars. Although large variations in local insolation and climate have been invoked to explain these landforms [Costard et al., 2001 ], Gaidos [2001] proposed that they are simply an expected consequence of freezing of aquifers. Liquid water or brines erupt from deep aquifers pressurized by the growth of a cryosphere, a process termed ''water volcanism.'' Upon eruption to the surface, liquid water is afforded a transient existence by its latent heat of fusion, allowing it to run and carve channels, possibly under an ice cover [Wallace and Sagan, 1979; Carr, 1983] . Similar processes form ice-cored mounds (pingos), icings (''aufeis'') and perennial springs in terrestrial permafrost regions [Williams and Smith, 1989] and landforms analogous to pingos have been identified in a Martian crater [Cabrol et al., 2000] .
[8] In light of the theoretical problems with a greenhouse atmosphere and arguments that water-carved landforms are the result of cold climate processes, we consider a scenario in which Mars never experienced an early warm, wet period with an Earth-like hydrologic cycle, and some implications of that scenario. Various early Mars scenarios, some postulating a cold early climate, have been discussed by others [Kargel, 1993; Carr, 2000; Clifford and Parker, 2001; Jakosky and Phillips, 2001] . Although Weiss et al. [2002a] have argued that the 4 billion year-old Mars meteorite ALH84001 never experienced conditions warmer than present-day surface temperatures, we do not attempt to prove here that a warm wet Mars never existed. We instead suggest that the hydrology and geochemistry of the surface is consistent with, and perhaps best explained by, a cold climate scenario. We focus on the mechanics and thermodynamics of the exchange of water between aquifers and the surface and the impact of this exchange on the water cycle and the chemistry of the surface. We close with thoughts on the implications of this scenario for the appearance of, and the search for, life on Mars.
A Cold Early Mars Scenario
[9] Our cold early Mars scenario consists of four stages. First, any thick, primordial atmosphere was removed by hydrodynamic escape and impact erosion by ca. 4.45 Ga, leaving behind a remnant of 0.1 -1 bar CO 2 that has slowly evolved to the present-day atmosphere [Pepin, 1994] . Estimates of 0.14-0.53 bars of outgassed CO 2 based on the modern atmospheric mixing ratio of 36 Ar [Anders and Owen, 1977] have been superseded by arguments that Mars formed rich in volatiles but subsequently suffered their egregious loss to space [Dreibus and Wänke, 1985] . Nevertheless, 36 Ar is depleted by a factor of $100 relative to Earth. If loss processes did not discriminate between 36 Ar and CO 2 , $0.1 bar of the latter would have remained at the surface. This is a lower limit as CO 2 is not conservative with respect to 36 Ar in the mantle and as much as 1.5 bars could have been outgassed during later events such as Tharsis volcanism . Furthermore, atmospheric CO 2 content could have been buffered if a substantial fraction of the surface CO 2 inventory was retained as carbonate minerals and those minerals were able to subsequently devolatilize at a sufficiently high rate by impacts or burial. Shutdown of the Martian magnetodynamo after 4 Ga [Weiss et al., 2002b] would have allowed solar-wind induced sputtering to remove as much as 1 bar of CO 2 [Kass and Yung, 1995] .
[10] Second, we assume that a Noachian-Hesperian greenhouse atmosphere of 0.1-1 bar CO 2 was insufficient to raise the mean temperature above the freezing point. An atmosphere with P CO 2 > 1 bar could have maintained early surface temperatures above freezing only if atmospheric CO 2 -saturation led to a near-100% cover of clouds with a high optical depth to scattering [Forget and Pierrehumert, 1997] . Lower cloud coverage, lower optical depths to scattering, or a cloud deck at lower altitude all result in freezing mean temperatures [Mischna et al., 2000] . Any early cryosphere would have been thin: For a primordial heat flow of 0.2 W m À2 [Spohn, 1991] and surface temperature of 220 K the melting temperature is reached at 400 m depth. Present-era Mars experiences episodes of high obliquity that may profoundly affect its climate [Jakosky et al., 1995] . If early Mars also experienced high obliquity excursions, elevated insolation at the summer pole raised local temperatures above the melting point and dramatically increased the global atmospheric level of water vapor [Jakosky et al., 1995; Jenkins, 2001] . Extreme seasonal surface temperature variations as well as intense Noachian hydrothermal circulation could have driven a weak hydrological cycle within the shallow crust. We assume that sublimation, condensation and chemical reequilibration of fresh ground water with crustal rocks formed and concentrated brines. Formation of copious ground ice in the Noachian and migration of groundwater drove mass wasting and the development of the valley networks.
[11] Third, most of the CO 2 in the early Noachian atmosphere was eventually equestered as carbonates in the upper regolith. At sufficient solute concentrations, carbonates began precipitating from the brine, probably as pedogenic deposits (caliche). This CO 2 sink, unchecked by return of CO 2 through tectonic uplift and weathering, drew down atmospheric CO 2 levels, reducing the greenhouse effect and lowering average surface temperature [Morse and Marion, 1999] . If the 0.5% weight carbonate content of SNC meteorites is representative of Martian crustal rocks, the equivalent of $250 mbar CO 2 is contained in each kilometer of crust [Bridges et al., 2001] . Thus precipitation of carbonates on the scale seen in the SNC meteorites significantly reduced CO 2 levels. Lower temperatures (195 K with the present 6 mbar atmosphere) reduced the saturation vapor pressure with respect to ice and the total water vapor content of the atmosphere (a factor of $3 for each 10 K of cooling), shutting down the early hydrological cycle and halting evaporative concentration of the brine. Morse and Marion [1999] proposed a similar feedback, but for a temperature range around the freezing point.
[12] Fourth, colder temperatures led to the development of a permanent global cryosphere that confined aquifers, isolated them from the atmosphere, and created the potential for outbursts as described by Carr [1979] . Subsequent concentration of subsurface brines occurred by freezing and growth of the cryosphere. Additional solutes and secondary minerals (e.g., clays) may have been produced by low-temperature water-rock interactions at depth. Partial freezing of this brine during the growth of the cryosphere precipitated any remaining alkalinity as carbonates such as cryogenic calcite and hydromagnesite. Freezing drove mass wasting processes that have been proposed to have enlarged the valley networks. Artesian pressure and freezing expansion drove aqueous flow or eruptions from beneath the confining cryosphere. These fed transient ice sheets whose episodic drainage carved some of the water-related landforms that remain today. Much smaller eruptions of water could have formed the younger ''gullies.'' Highly soluble chloride and sulfate salts were carried to the surface with the erupting fluid, while insoluble weathering products such as clays were left behind in the crust. Degassing of CO 2 during aqueous eruption would have removed any residual alkalinity, perhaps as intrusive carbonate precipitates in the shallow crust. The erupted brines froze and eventually sublimated, leaving behind sulfate and chlorine salts that were ultimately incorporated into the soil. Although large volumes of water may have erupted to the surface of Mars over the planet's history, a cold climate means that the amount of aqueous alteration chemistry that has occurred at the surface has been small.
Hydrology in a Cold Climate Regime
[13] Hydrology in a cold (freezing) climate regime is restricted to the transient flow of water released from confined aquifers at depths where planetary heat flow maintains temperatures above the melting point. The appearance of surface water depends on groundwater hydrology and the thermal and mechanical state of the crust, rather than patterns of atmospheric precipitation and surface drainage patterns. The thermodynamically stable form of water, ice, can produce erosional forms and landscapes analogous to those of terrestrial glaciation. Finally, the surface flow of liquid water may be influenced by the glaciostatic load and unusual hydrology of ice sheets.
Hydraulics of Aquifer Confinement and Aqueous Eruption
[14] Eruptions can occur from aquifers confined by units (aquifuges) that are of sufficiently low intrinsic permeability to allow pressurization to the overburden pressure without significant drainage. The residence time t r in an aquifer with a pore pressure equal to the overburden pressure is derived from Darcy's Law;
where d is the thickness of the confining unit. To confine an aquifer containing water (h = 10 À3 Pa-sec) for 10 8 yr a confining unit 1 km thick must have K i < 5 Â 10 À20 m
À2
. Confinement of low-temperature brines is more hydraulically permissive: Although there are apparently no published viscosities for eutectic brines at low temperatures, the viscosity of supercooled water at À21°(the eutectic point of a NaCl solution) is 4.7 times that of water at 20°C and that of a saturated NaCl solution at 20°C is 3 times that of fresh water [Grant, 2000] [Malin and Edgett, 2000b] . Perched aquifers form on low-permeability ash beds within the volcanic domes of the Hawaiian islands and are contained by cross-cutting igneous dikes [Fetter, 1988] . However, igneous rocks contain highly conductive joints, cracks, and vesicles and have permeabilities as high as 10 À9 m 2 : Terrestrial aquifers are maintained by a vigorous hydrological cycle. The low intrinsic permeabilities required to maintain Martian aquifers are expected to occur only in crystalline basement rocks below the brittle-ductile transition. Ground ice also provides highly impermeable seals: Laboratory experiments demonstrate that otherwise highly permeable soils become dramatically impermeable as ice saturates pore spaces [Seyfried and Murdock, 1997] . Transport may still occur through ice-saturated ground through water films on particles.
[16] These considerations suggest three scenarios for the confinement of Martian aquifers: In the first, aquifers are retained by ground ice and basement rock. The pore pressure is limited to the local hydrostatic head (artesian pressure). This scenario was invoked by Carr [1979] as the source of the outflow channel-carving floods. In the second scenario, described by Carr [2000] and Gaidos [2001] , an aquifer is confined between basement rock and an impinging cryosphere that completely seals the aquifer and pressurizes it. The 9% fractional expansion of ice and the low compressibility of water means that freezing in saturated aquifers can create arbitrarily high pressures. Pressurization is less efficient in aquifers where gas occupies an appreciable fraction of pore space.
[17] In the third scenario, heterogeneous freezing in the regolith creates perched aquifers confined entirely by ground ice. The freezing point of water in soils can vary because of the freezing-point depression effects of solutes, capillary effects of the curvature of soil particles, and the electrical charge characteristics of the soil matrix [Iwata et al., 1995] . The amount of brine in terrestrial permafrost can be a substantial fraction of the thawed water content [Osterkamp, 1987] . Baker and Osterkamp [1989] found that solutes are efficiently rejected from freezing ground water, inferring a distribution coefficient (ratio of solute concentrations in the solid and liquid phases) of 0.34 from experimental freezing of salt water in sand columns. Exclusion of solutes during freezing and differences in permeability due to occlusion of pores by ground ice can create spatial variations in solute concentrations that ultimately produce pressurized brine pockets confined by ice-saturated ground [Chamberlain et al., 1983] . This mechanism may be more important for smaller eruptions at later times in Mars history.
[18] Failure of the confining unit and eruptions from an aquifer occurs when the pore pressure exceeds the minimum normal stress in the matrix rock:
Failure can be induced by an increase in pressure (e.g., by growth of the cryosphere), a decrease in the overburden pressure, or the imposition of extensional stress. On Mars, the overburden pressure r c gz is $100 [McKenzie and Nimmo, 1999; Phillips et al., 2001] . We note that Gorgonum Chaos, an area of extension and graben formation, has a relatively high concentration of small fluvial features [Malin and Edgett, 2000a] . Tensional deviatory stresses near scarps may trigger the flow of water to the surface. Release of overburden pressure by removal of overlying strata by aeolian processes or impacts may also be a controlling factor.
[19] The mode and tempo of aquifer drainage will deviate from simple diffusive flow [e.g., Carr, 1979] because of several effects. If pore pressures exceed the minimum normal stress by ÁP, water will enter cracks in planes perpendicular to the minimum direction of stress, and these cracks will continue to swell as long as the pore pressure increases. A crack of length l with a tip intensity stress factor ÁP ffiffiffiffiffiffi ffi l=2 p greater than the fracture toughness S of the rock will begin to propagate. The length of growing cracks will be the critical length l = 2(S/ÁP) 2 [e.g., Rubin, 1998 ]. Crack propagation will increase the hydraulic conductivity of the host rock: Artificial hydrofracturing experiments resulted in increases in hydraulic conductivity of 5 to 153 times [Schuring, 2002] .
[20] Water in cracks is buoyant by the amount Árg with respect to the country rock: If the vertical extent of a crack exceeds 2[S/(2Árg)] 2/3 the buoyancy forces are sufficient to propagate the crack to the surface Gaidos, 2001] . If the largest crack limits the overpressure in the aquifer to S ffiffiffiffiffiffi ffi 2=l p then the minimum overpressure for cracks to propagate to the surface is;
where q is the angle of the minimum normal stress from the horizontal. Note that ÁP is highest in areas of tectonic extension where the minimum normal stress is horizontal (q = 0). For basalt with S % 2 Â 10 6 Pa m 1/2 the overpressure at which buoyant dikes form is 4 Â 10 5 Pa. Thus overpressures will be limited to a few percent of the overburden pressure.
[21] If an aquifer fails at a finite overpressure, a fraction of the water will reside in cracks from which it can rapidly drain. The critical crack length at ÁP = 4 Â 10 5 Pa in basalt is 50 m. The volume per unit span of a two-dimensional pressurized crack at a depth much greater than its length is
Adopting n = 0.2 and G = 10 10 Pa, a critical crack with a span equal to its length will have a volume of 3 m 3 . The fraction of water stored in cracks as opposed to pore space depends on the density of large cracks but if cracks are spaced on average by one crack length the relative amount of water in cracks will be of order 10
À4
. The water in the cracks of a 0.1 km 3 aquifer is $10 4 m 3 . Thus rapid drainage of water in cracks is potentially important mechanism for carving the gullies.
[22] The final effect is the enlargement of conduits by the force of water draining from the aquifer. Thermal erosion occurs when heat from turbulent viscous dissipation within the flow and between the flow and conduit walls will warm, and may melt, ice in an cryosphere. This will weaken a confining unit such as a frozen soil whose mechanical strength is provided by interstitial ice. Mechanical erosion will occur when particles accelerated by the flow impact the conduit walls. Erosion can result in permanent breaching of the confining unit and continuous drainage until the hydrostatic head falls to zero.
Eruption Thermodynamics
[23] Contact between water escaping from confined aquifers and the crust will result in conduction of latent heat into the cold country rock and formation of ice in the conduits. The relative rates of upward propagation and freezing determine the maximum source depth from which a given initial volume of water can erupt. Initial volumes exceeding $10 6 m 3 can erupt from depths of up to several kilometers [Gaidos, 2001] . However, water ascending to the surface will also experience adiabatic effects. Pore water will initially be at a pressure equal to the overburden pressure and a temperature equal to the pressure-depressed freezing point (8 Â 10 À8°C Pa
À1
, corresponding to about 0.8°C km
within the crust of Mars). As this water rises through a dike the ambient pressure decreases and the freezing point increases.
Entropy is conserved during an adiabatic (negligible heat transfer to the walls of the dike), hydrostatic (no internal viscous dissipation) ascent. (An internal phase transition such as freezing does not increase entropy because the latent heat is transferred between phases at equal temperature.) [24] If the ascent is sufficiently rapid the phase transition to ice may not take place and the water will erupt as a supercooled liquid. In this case, the temperature evolution during ascent will be governed by the differential equation for entropy:
Depressurizing fluid from P i to P f lowers the temperature from T i to:
The temperature decreases slightly because as the ambient pressure decreases, the fluid expands and performs expansion work (Figure 1 ). At a typical supercooled temperature of À4°C, the vapor pressure (3 mbar) remains below the surface pressure at most locales on Mars and the erupted water will consequently freeze, rather than boil.
[25] More likely, as the pressure decreases and the freezing point increases, some of the water will freeze and the rejected latent heat enters the remaining liquid, maintaining its temperature at the freezing point. The trajectory in the phase diagram of water will be along the ice-liquid phase boundary and given by the relationship
where P * and T * are the triple point pressure (611.2 Pa) and temperature (273.16 K) of water and a = À3.95 Â 10 8 Pa and c = 9.0 are empirically determined constants. The total entropy of the system is still conserved and the fraction of liquid frozen can be calculated by equating the latent heat from the ice to the increase in the internal energy of the liquid and the work done by the expansion
Treating the thermodynamic properties of water as constant over the small relevant temperature range the freezing fraction is
The small-temperature difference limit of equation (6) can be recovered by setting x = 0 in equation (9) in the limit of a small temperature change. Eruption of water from a depth of 5 km (a pressure of about 510 bars) and a temperature of À4.3°will result in freezing of about 5% (Figure 1 ).
[26] The Reynolds number of the flow through the dike will be significantly higher than the laminar-turbulent tran- Figure 1 . Phase diagram trajectory of adiabatically erupting water for the initial conditions of 522 bar (the eruption pressure at depth of $5 km) and À4.3°C, the freezing point of pure water at the eruption pressure. Three different trajectories are shown. In the two-phase hydrostatic case there is no internal dissipation, the phase transition from liquid to solid is allowed, and the trajectory follows the ice-water freezing curve. In the super-cooled liquid case the ascent is hydrostatic but the phase transition is kinetically inhibited. In the Joule-Thompson (throttling) case all free energy is converted into heat and the ascending water warms. sition [Gaidos, 2001] and as a consequence, viscous (turbulent) dissipation may be important. In the extreme case, the rising water experiences a dissipative throttling process (Joule-Thompson expansion) in which enthalpy, but not entropy, is conserved. This process is adiabatic, but not hydrostatic as buoyancy is converted into thermal energy and the water temperature increases during the ascent. The final temperature is given by
For the same initial conditions as before, the final temperature at surface pressures is 8°C (Figure 1 ). The equilibrium vapor pressure over liquid water at this temperature is 10.7 mbar, higher than the maximum surface pressure over all of the Martian surface except the Hellas basin [Haberle et al., 2001] . Thus the water probably boils as it reaches the surface. In the phase diagram, the initial JouleKelvin trajectory of the erupted water will stop when it reaches the boiling curve and start moving along the boiling curve toward lower temperature as vapor carries away the latent heat of vaporization. Assuming this is an adiabatic process, the fraction of liquid that boils will be given by
The signs in the numerator are reversed with respect to equation (9) because the heat flows from the liquid to the vapor. The second term in the numerator is negligible because of the relatively small pressure range over which boiling occurs. With ÁT = À8°C and L b = 2.9 Â 10 6 J kg À1 at most 1.2% of the water will boil, as long as the final pressure exceeds the triple-point pressure of water. This small amount of boiling at these low pressures will not effect the dynamics of water flow.
[27] If the surface pressure is below the triple point pressure of water (6.1 mbar), the liquid phase is not stable and the water will boil and freeze simultaneously as the latent heat of fusion from freezing is transferred to the vapor in the latent heat of vaporization. Whatever its initial trajectory in the phase diagram, the system will move to the triple point where freezing and boiling will occur until 13% (by mass) has vaporized and the remainder is frozen.
Surface Expression

Mass Wasting
[28] Shallow groundwater migration driven by the development of a Noachian cryosphere could have been involved in hydrofracturing, groundwater sapping and mass wasting. Intrusion of water-filled dikes into the crust can trigger slope failure. On Earth, a feedback between magma dike intrusion and slope failure is a possible mechanism of caldera enlargement McGuire et al., 1990] and volcanic landslides [Huerlimann et al., 2000] . On Mars, an analogous phenomenon involving water rather than silicate magma could be involved in mass wasting at scarps. Reduced horizontal stresses in the vicinity of a scarp permit the vertical propagation of water-filled cracks. These cracks weaken blocks of crust near the scarp, accelerating collapse and scarp retreat. Likewise, migration of water and an increase in local porewater pressure near scarps could also accelerate slope failure.
[29] Although we do not have a specific mechanism for the formation of valley networks, mass wasting by liquid water or ice has been implicated in enlargement of these landforms [Carr, 1995] . Specifically, while surface flow may impart the valleys' dentritic or sinuous morphologies, mass wasting is responsible for the removal of most of the material . The development of the cryosphere and the migration of groundwater in response to ice formation may have driven occasional small floods with the valleys, and continuous mass wasting of the valley walls. As heat flow declined and the cryosphere thickened in the Hesperian, groundwater flow would have become more episodic and more localized, leading to a transition from the valley-forming processes to the outflow channel processes.
[30] A critical issue involves the volume of water required to form the valley networks and the potential requirement for recycling, i.e., a hydrological cycle. This requirement depends on the volume of material removed and the water:material ratio associated with the specific process invoked. The fractional amount of material displaced in the process of valley network formation is derived by multiplying the drainage density by the average valley width. Average highland drainage densities are 0.0032 km À1 [Carr and Chuang, 1997] and typical valley widths and depths are 1500 m and 1500 m, respectively . It follows that the material removed is equivalent to a layer 0.7 m thick. Slow erosion of volcanic terrain by surface streams requires of order 10 3 volumes of water to remove one unit volume of material [Gulick and Baker, 1993] : The amount of water (equivalent to a 700 m layer) required to incise the valley networks would clearly indicate recycling.
[31] Alternatively, we can consider the required rheology of a material that has flowed under the force of gravity to leave the valleys in some time t. (We consider only the stresses transmitted through the floor of the valley and not the walls). Adopting an n = 3 flow law where _ e ¼ As 3 ; and assuming the strain _ e ¼ at ð Þ À1 and stress (equal to the gravitational driving force) s = arg, where a is the slope, we have
For a = 0.0016 [Oded et al., 2001] , r = 2 g cm
À3
, and t = 100 Myr, we have A = 1 Â 10 À16 sec À1 Pa À3 and an effective viscosity of 6 Â 10 13 Pa sec. This is incompatible with the rheology of glacial ice but is consistent with unconsolidated tills that are episodically mobilized by water [Paterson, 1994] . Thus it is at least plausible that cold groundwater-driven mass wasting was a significant contributor to the formation of valley networks.
Ice Sheets
[32] On Earth, groundwater discharge under freezing surface temperatures forms icings (aufeis), sheets of layered ice produced by the repeated freezing and breakthrough of water. Terrestrial icings are limited by the duration and intensity of the winter season. On Mars, long-term eruptions or continuous groundwater discharge from confined aquifers will presumably produce more massive formations. Drainage to the surface of an icing cannot be maintained indefinitely as the icing thickens. First, liquid water is denser than ice and the gradient of the water pressure potential in the icing will direct drainage to the margins of the ice sheet. Second, ice is much less permeable than ice-free soil or rock. Drainage underneath the ice sheet to its margins will allow continued growth of the ice sheet by basal freezing. While not technically a glacier, this ice mass will behave in a manner similar to a temperate (warmbased) glacier. The mass balance of terrestrial glaciers are controlled by precipitation (snowfall) and ablation enabled by a thick atmosphere. The saturated water vapor content of the present-day Martian atmosphere is 2 Â 10 À4 that of the Earth's atmosphere. We show that, even in the absence of precipitation, low sublimation rates under a thin early Martian atmosphere allowed ice sheets to grow by slow basal freezing. We also argue, as have others, that ''subglacial'' hydrology best explains the geomorphically inferred large-scale flow of surface water in the Hesperian and early Amazonian.
[33] An icing is a laminated ice body created by a series of freezing events. Each layer is created when water under artesian pressure flows underneath the previous layer, forming a blister. Growth of the blister leads to increasing stress in the ice and eventual failure. Water flows to the surface through cracks and begins freezing from both the atmosphere-water and water-ice interfaces. A new ice seal forms, pressures increase again, and the process repeats itself [Hu et al., 1999] . An icing will continue to grow in thickness in this fashion until water preferentially flows to the margins, rather than the upper surface. We estimate that this occurs when the thickness exceeds the maximum fracture (crevasse) depth derived by Nye [1957] for ice with a power-law rheology
The flow-law parameter is a function of temperature
To describe ice at temperatures below À10°C we adopt n = 3, Q = 6 Â 10 4 J mol
À1
, and A = 4 Â 10 À13 sec À1 Pa À3 [Paterson, 1994] .
[34] We estimated the mean temperature of a growing icing as follows: Each new layer consists of an ice crust that formed in contact with the atmosphere plus anchor ice that formed over the previous layer. To calculate the thickness of the former we assumed a fixed surface temperature T 0 and used the solution to the classic Stefan problem
where the dimensionless constant l 1 satisfies,
The temperature as a function of depth z is
Likewise, we determined the thickness and temperature field of the anchor ice using the freezing dike model described by Turcotte and Schubert [1982] , in which
where
The temperature field in this layer is
We took " T to be the average temperature over all lower layers. This is an approximation as it neglects the effect of heat conduction into the ground. This simplification will be valid if the icing grows more quickly than heat diffuses. With this approximation, all layers are thermally identical and "
T is the average temperature of a single layer (crust plus anchor ice),
where " T 1 and " T 2 are the average crust and anchor ice temperatures obtained from equations (17) and (20). Given T 0 , " T can be found by iteration. Mean icing temperatures are consistently elevated with respect to the surface temperature and we find empirically "
Using this temperature relationship and strain rates typical of terrestrial ice sheets we estimate that icings thicker than 10-20 m are ductile at their base and that the flow of water is diverted along the base to the margins of such ice sheets (Figure 2) .
[35] Continued growth of the ice sheet occurs by basal freezing. If the initial thickness of the icing is ignored, growth is again described by the solution to the Stefan problem (equation (15)). For T 0 = 200 K, l 1 = 0.87, and an average thermal diffusivity of 1.5 Â 10 À6 m 2 sec
, 1000 meters of ice will accrete in 7000 years. An ice sheet on a level surface will continue to thicken by basal freezing until basal pressures are equal to the artesian pressure or when basal freezing is balanced by evaporation (sublimation) from the ice surface. We calculated the equilibrium thickness for the latter case using an estimated evaporation rate E, a planetary heat flow q appropriate for a given epoch [Spohn, 1991] and an empirical formulation for the temperature-dependent thermal conductivity of pure water ice k(T) [Paterson, 1994] ;
Three assumptions were made in the evaporation rate calculation. First, the transfer of water vapor from the ice to the air takes place by forced, rather than free (thermal) convection. Second, the ice surface temperature is set to the air temperature. Finally, we assume that the air passing over the ice is initially dry (i.e., a global frost point temperature much colder than the air temperature). The first two assumptions will be violated during calm conditions, e.g., diurnal surface temperature variation exceeded air temperature variation at the VL1, VL2, and Pathfinder sites. However, we expect topography and surface cooling to drive a continuous katabatic flow over the face of the ice sheet, as is the case for the Antarctic and Greenland ice sheets and many terrestrial mountain glaciers. Katabatic winds occur when air moving over an ice sheet is maintained at the surface temperature. As a consequence, a mass of air moving downslope on the ice sheet becomes colder and denser than the local adiabat (the potential temperature difference) and katabatic flow is established. This process will be especially efficient on Mars because the atmosphere's low density and low water vapor content impart it a minimal thermal inertia. We used the classic (constant eddy parameter) katabatic theory of Prandtl to estimate the magnitude of the local friction velocity. This typically underestimates near-surface gradients and fluxes [Grisogono and Oerlemans, 2001] . The velocity in the core of the katabatic jet is related to the potential temperature difference ÁÂ by
We adopt a Prandtl number of unity, a dry adiabatic lapse rate of 4.5 K km
, and the potential temperature difference of air on a 200 K ice sheet 1 km thick of À10.5°C relative to a surrounding surface at 215 K. The katabatic wind speed at the margin of a 1 km-high ice sheet would be 21 m sec À1 . Winds in the interior of the ice sheet will be less intense.
[36] Sublimation rates were calculated using a two-layer (laminar and turbulent) boundary-layer model [Carr, 1983] and temperature-and pressure-dependent values of kinematic viscosity of CO 2 gas and the diffusion of water vapor through CO 2 [Wallace and Sagan, 1979] . The dry air assumption means that our calculated ice thickness values are lower limits. A roughness parameter (0.003 m) characteristic of ice in ablation zones was used [Paterson, 1994] . The height of the turbulent boundary layer d was estimated assuming fully rough plate flow over a 100 km distance [White, 1974] . The equilibrium ice thickness depends on air temperature, friction velocity, and the planetary heat flow. The results are insensitive to the exact values of the surface pressure, roughness parameter, and boundary layer length. Ice thickness calculations with a nominal friction velocity of 5 m sec À1 are shown in Figure 3 . The effect of different friction velocities on estimates for a 4 Ga heat flow are included. For an air temperature under 200 K, the equilibrium ice thickness can exceed 1 km.
[37] Our proposed Martian ice sheet will be warm-based at the water vents or springs but will likely be cold-based at the margins where the ice is thinner and the flow channelized or episodic. Profiles of cold-based ice sheets in terrestrial cold regions are adequately described by assuming that the ice adjusts as a perfectly plastic material and that basal shear stresses are everywhere equal to a yield stress t 0 [Paterson, 1994] . The diameter D of such an ice sheet is
Figure 2. Estimated fracture depths for a growing icing with a given fixed surface temperature and for two strain rates that bracket the range observed in terrestrial ice sheets [Paterson, 1994] . Fractures will not penetrate thicker icings and water will drain at the margins, rather than the upper surface, of the ice sheet. Figure 3 . Equilibrium ice sheet thickness calculated by balancing surface sublimation with basal freezing for different air temperatures and different epochs, from the present, in steps of 1 Gyr, to 4 Ga. A nominal wind friction velocity U * = 5 m sec À1 is used, but the 4 Ga case is also plotted for two extreme values of U * . The thickness of the permanent north polar ice cap (NPIC), thought to consist mostly of water ice, is plotted for comparison. Note that air temperatures would represent an average value weighted by higher sublimation rates during summer days and would be higher than the true mean.
According to this description, a 1 km-thick cold-based ice sheet with a yield strength of 5 Â 10 4 Pa (typical of terrestrial ice sheets) would have a diameter of 70 km. The lifetime of a Martian ice sheet against sublimation at typical rate of 10 À10 m sec À1 is $3 Â 10 5 yr. The total volumetric rate of evaporation from a 70 km-wide ice sheet is less than 1 m 3 sec
, extremely small compared to the discharge rates estimated by Carr [1979] and Gaidos [2001] . Drainage of excess water from underneath the ice sheet would lead to the development of locally warm-based (temperate) ice and motion by a combination of ice deformation, till deformation, and sliding. Terrestrial wet-based glaciers are extremely mobile, typically moving as much as several m per day, and the speed of a Martian analog would be limited by the balance between growth and basal freezing.
[38] Evaporation rates are a sensitive increasing function of air temperature and most of the evaporation will occur when ice sheet temperatures are highest. As a consequence the stability of ice sheets is determined by how much summer daytime temperatures exceed the atmospheric frost point. On present Mars, temperatures exceed the atmospheric frost point everywhere except the poles. Transient ice sheets can exists at high latitudes but near the equator exposed ice will rapidly sublimate: The mean air temperature 0.25 m above ground at the Pathfinder landing site (15°N) was 230 K, but the daytime temperatures reached 265 K, a temperature at which sublimation rates would exceed 10 m yr À1 . Evaporative cooling becomes significant (>10 W m À2 ) at temperatures above 220 K and would retard the rate of sublimation.
[39] On an early Hesperian Mars, a 25% reduction in insolation would have lowered the mean temperature by about 15 K. All else being equal, the high albedo of clean ice ($0.4) relative to that of bare Martian surfaces ($0.25) would also reduce local equatorial temperatures to about 202 K. Finally, the thermal inertia of ice at 200 K is 2100 J m
, compared to the diurnal value of 375 J m À2 K À1 sec À1/2 at the Pathfinder site that is characteristic of Mars [Mellon et al., 2000] . The amplitude of surface temperature variation in response to periodic heating of a semi-infinite uniform slab is inversely related to the thermal inertia. If this describes the behavior of surface temperatures at the Pathfinder site then diurnal air temperature fluctuations would be reduced to 6 K and daytime temperatures would reach only 208 K. Our calculations indicate that transient ice sheets could have formed over groundwater springs at all latitudes on early Mars, but, because of a brighter Sun, would be restricted to highlatitude sites with low temperatures at the present day.
Subglacial and Proglacial Hydrology
[40] A widely accepted explanation for the formation of the Martian outflow channels is that they are the outcome of catastrophic floods with large fluid volumes (inferred from the volume of material eroded) and high flow rates, the latter inferred from the channel dimensions, slope and an empirical relation such as the Manning equation [Fetter, 1988] , and assumptions of bankfull flow and the amount of subsequent channel infilling. Application of a modified Manning equation to Martian outflow channels yield flow rates of 1 -2 Â 10 6 m 3 sec À1 for Athabasca Vallis [Burr et al., 2002] to 0.7-3 Â 10 9 for Chasma Australe [Anguita et al., 2000] and 5 Â 10 9 m 3 sec À1 for Ares Vallis [Smith et al., 1998] . These values may have to be revised downward by a factor of 5 -6 [Hassett et al., 2002] and are subject to assumptions about bankfull flooding and subsequent infilling. Even with these uncertainties, flow rates of the scale of Mars paleofloods are difficult to explain by simple drainage models from aquifers, even from those with high hydraulic conductivity such as basaltic units [Carr, 1979; Burr et al., 2002] .
[41] The only terrestrial floods on a scale approaching that of Martian paleofloods result from catastrophic drainage of glacial or subglacial lakes, rather than aquifers. The Channeled Scablands of eastern Washington State formed when Pleistocene Lake Missoula drained with an estimated flow rate of 10 7 m 3 sec À1 [Baker and Milton, 1974] . Episodic drainage of Icelandic subglacial lakes (jökulhla-ups) charged by volcanic melting of glacial ice have peak drainage discharges of 4 Â 10 5 m 3 sec À1 [Björnsson, 1992] . A jökulhlaup origin of the Martian outflow channels was first suggested by McCauley et al. [1972] . Chapman and Tanaka [2002] have proposed that the Xanthe Terra outflow channels may be Martian jökulhlaups fed by volcanic melting of ground ice within the Valles Marineris canyons.
[42] Jökulhlaups require a subglacial source of water but this need not be from volcanic melting of ground ice. If the basal pressure underneath an ice sheet at its steady-state thickness (against evaporation) is less than the artesian pressure, water will continue to flow into the base. On the basis of the calculations in section 4.2 we conclude that a negligible amount ($1 m 3 sec
À1
) of this water freezes to compensate evaporation. We propose that continued excess input of water under an equilibrium ice sheet will feed subglacial lakes. Subglacial water will follow the hydrostatic potential that is the difference between the local topography and the ice overburden. On Earth, subglacial flow forms tunnel valleys (''rinnentaler''), dendritic or anastomosing networks of overdeepened channels whose exact mechanism of formation is unclear [Benn and Evans, 1998 ]. In this context we point out the morphological similarity between terrestrial rinnentaler and the Martian ''chaos'' terrain type from where many outflow channels appear to emanate. The diameter of the ice sheet (estimated above at 70 km) also sets the scale of the outflow. Typical flood channels are 10-50 km wide.
[43] Minima in the hydrostatic potential field
where the ice sheet is relatively thin allow water to collect and develop a hydraulically unstable situation. On a flat bed a local decrease in the ice sheet thickness of Ád allows a subglacial lake of depth Ádr i /r w to form. On the basis of relative volume, it seems plausible that an ice sheet described above could be capable of containing water lakes with water volumes as large as $500 km 3 . The magnitude of terrestrial jökulhlaups are related to lake volume by the Clague-Mathews relationship [Paterson, 1994] 
Assuming this applies to Mars, the predicted maximum discharge from a 500 km 3 lake would be $1.5 Â 10 6 m sec
. This compares to the nominal values of $10 4 m 3 sec À1 derived by Carr [1979] and approaches the magnitude of flow rates for the smaller outflow channels. Thus subglacial or proglacial hydraulics provide mechanisms for producing the large volumes and high flow rates that the outflow channel morphologies seem to demand. We discuss evidence for glacier-related fluvial activity in section 4.4.
[44] Malin and Edgett [2000a] argued that individual Martian gullies were carved by $10 5 m 3 of liquid water, or a fluid with a behavior similar to water. Gaidos [2001] showed that eruptions of that scale from deep aquifers were mechanically and thermally plausible. The most notable characteristic of the Martian gullies is their restriction to latitudes higher than $30°and their disproportionate numbers on poleward-facing slopes. Paradoxically, these are the coldest regions of the Martian surface at the present epoch. Costard et al. [2001] , among others, have suggested that gullies are the result of high surface temperature and ground ice melting at high-latitude, poleward-facing slopes during past epochs of high obliquity. This hypothesis explains the spatial distribution of gullies but requires that the global frost point be near or at the melting point of water such that warmed ground ice melts before it evaporates.
[45] The cold-climate ice sheet formation model described in section 4.2 provides an alternative explanation to the paradoxical distribution of liquid water-carved landforms. Water infiltrating into sufficiently cold but ice-free permafrost will freeze because of the rapid exchange of heat on the scale of soil particles. Injection of water into freezing soils render them impermeable and resistant to erosion [Seyfried and Murdock, 1997] . This is the basis for engineering frozen soil subsurface barriers to control local hydrology [Andersland et al., 1996] . The temperature at which this transition in hydrology occurs can be estimated by equating the latent heat of freezing the water in a saturated soil to the sensible heat required to raise the soil temperature to the freezing point. For a lunar-like, unweathered soil of basaltic composition with 20% porosity, an intrinsic density of 2800 kg m À3 , a dry soil specific heat of 1100 J kg À1 K À1 [Mellon and Phillips, 2001] , and an erupted water at the freezing point, the hydrological transition will occur at a mean soil temperature of 245 K. Thus eruption of water onto the cold talus/soil slopes will have little erosive power, forming icings instead. Once the flow of water stops, the ice will eventually sublimate, leaving behind little trace of hydrologic activity. It is only where ice can develop and persist that successive eruptions of water can be diverted into ''subglacial'' flow and carve the gullies observed on crater and canyon walls. High-latitude, poleward-facing slopes are the only regions on present Mars that are sufficiently cold and ice evaporation rates sufficiently low to permit ice. Occasionally, these ice masses may be substantial enough to form glacial landforms. We discuss evidence for an association between ice sheets and gullies in section 4.4
Evidence for Glaciofluvial Activity
[46] There is accumulating evidence for past glacial activity on Mars [e.g., Kargel et al., 1995; Nussbaumer et al., 2000; Head and Hallet, 2001; Hartmann and Thorsteinsson, 2002] . A type of mid-latitude active terrain recently characterized at high resolution may be icecemented loess [Mustard et al., 2001] . Recent high-resolution imaging suggests a link between the flow of water and glacial landforms [Arfstrom, 2002] . Here we describe two landforms that support a link between the development of ice sheets and the flow of water.
[47] The Cerberus Plains is a region of relatively recent tectonic extension, volcanism, and fluvial activity. The plains host a system of three outflow channels whose floors have the lowest crater counts of any outflow channel on Mars [Tanaka and Scott, 1986] and model ages less than 200 Ma [Burr et al., 2002; Berman and Hartmann, 2002] . Some surfaces may have experienced volcanic or fluvial activity as little as 10 Myr ago. These channels represent the best opportunity to identify and study landforms with low preservation potential against long-term cratering and aeolian reworking. Within the channels are longitudinal lineations that are sets of perfectly parallel ridges and grooves that are evenly spaced by 50 -100 m and extend as much as several tens of kilometers (Figure 4) . The lineations follow what appear to be flow patterns around streamlined mesas within the channels. Longitudal grooving of outflow channel floors has long been taken as evidence of a catastrophic fluvial origin but analogies to terrestrial flood terrains were made for much larger features in Hesperian age channels which MOC images reveal to be quite unlike the landforms described here. There is no known mechanisms of generating the remarkable regular transverse spacing and long-range coherence of the Cerberus lineations in a fluid. Furthermore, inspection of the lineations at 5 m resolution reveal them to consist of irregular ridges and chains of mounds, not smooth ridges or grooves. Particularly ''dark'' chains are composed of narrow mounds casting appreciable shadows. The mounds appear to be of uniform height ($25 m) and wider at the top then the middle ( Figure 5 ). We propose that these are boulders or erratics perched on columns of a softer unit that are protected from aeolian ablation and/or ice evaporation (hanging rocks or glacier tables). This suggests that deflation of the surrounding valley floor by about 25 m has occurred. The corresponding rate of 0.25-2.5 mm yr À1 is consistent with other estimates [Golombek and Bridges, 2000] . (Ablation of 25 m of debris-rich ice at 220 K takes only 10 4 yr).
[48] We argue that the ridges are not erosion features, but depositional features that are now being exhumed. Specifically, they are narrow zones of debris or lag deposits that are modulating deflation of the valley floor. Specifically, the debris zones are winnowing structures that originated as horizontal beds in the strata exhumed by aeolian or fluvial erosion or the ablation of ice-rich material. Removal of small clasts and fine-grained material leaves behind boulder-rich units and may concentrate boulders within those units. The decreased spacing between lineations on the steeper slopes at the margins of streamlined mesas supports this interpretation. The mesas themselves appear to be composed of $10 m thick layers. Periodic glacial outburst floods or jö kulhlaups (section 4.3) produce cyclically graded deposits. A single cycle in the lithofacies profiles of Icelandic sandar deposited by jökulhlaups from subglacial or proglacial lakes can be 10 m thick and includes by course gravels and boulders alternating with finer material [Benn and Evans, 1998 ]. Large ice-rafted debris can also form boulder pavements. Longitudinal grooves resembling those of Cerberus in appearance and scale have been described in the 10 km-wide boulder lag deposits of the Souris spillway (Saskatchewan) carved by catastrophic drainage of a proglacial lake [Benn and Evans, 1998 ]. Unlike their terrestrial counterparts, however, the Cerberus landforms do not contain inner channels. This may be an important clue about the hydraulics of the Martian flood events.
[49] Cerberus channel floors also host clusters of circular, elliptical, or peanut-shaped rings with raised rings 30 -100 m in diameter (Figure 6 ). The rings themselves appear to be darker than the surrounding channel floor. In some cases they are surrounded by an outer, darker halo; some rings are open on one side. The rings appear only in a few isolated areas within the channels, usually in proximity to one of the streamlined mesas. These landforms are unlike the rootless cones described by Fagents et al. [2002] . Instead, their size and morphology are more akin to terrestrial gravity craters and rimmed or crater kettles. The former are produced when blocks of ice transported by jökulhlaups settle onto soft sediments. The latter form when debris-rich ice blocks are partially buried and melt. Some Martian features have ''tails'' that resemble scour marks when icebergs are partially refloated or scoured. The areas where these rings occur may have been shallow banks onto which blocks of ice were likely to ground.
[50] Geomorphic evidence also suggests an association between glacial landforms and recently gullied terrains [Hartmann and Thorsteinsson, 2002] . Ridges resembling terminal moraines appear at the base of gullied slopes in a number of Mars Observer Camera (MOC) images. Figure 7 is a portion of MOC image M1800303 centered on the gullied south-facing wall of a crater at 39°S 166°W. The aprons of several fluvial landforms in the original image are terminated by these moraines, including a relatively large and fresh-looking feature shown here. The bulk of the ice that formed this feature has sublimated (a remainder may be covered by debris). The inner ridge of this landform has a saw-tooth planform with a sharp, narrow summit superposed on a broader ridge. The outer is more bank-like, arcuate in planform and the proximal slope is much steeper than the distal slope. The saw-tooth ridge strongly resembles terminal push moraines produced by radially crevassed glaciers expanding onto unconfining valley floors [Matthews et al., 1979] . The outer bank may be the product of removal of fine-grained material by katabatic winds and deflation immediately proximal to the ice sheet. Aeolian ablation could explain the smoothness of proximal moraine slopes (protected by ice) compared to distal surfaces. MGS Mars Observer Laser Altimeter data reveal that the apron immediately interior to the moraine is 100 m below the crater floor beyond the ridges. This elevation difference could be a result of displacement by pushing and thrust faulting of material typical of the margins of terrestrial subpolar glaciers [Benn and Evans, 1998 ].
[51] The channels that bound the upper slopes of the apron (presumably covered by the ice sheet) could be lateral meltwater channels, suggesting that the ice was cold-based at this location and that groundwater was diverted over and around the ice sheet. Most drainage beneath terrestrial temperate glaciers occurs by Röthlisberger or Nye channels incised into the glacial ice or the glacial bed, respectively. Drainage by braided canal systems may occur in beds of deformable sediments with high pore pressures. The appearance of channels cut into the ice sheet bed and the absence of eskers suggests any suglacial drainage was either by Nye channels or by braided canals, depending on the discharge rate. This suggests a poorly cohesive substratum and/or a stable drainage pattern controlled by the topography of the ice sheet bed [Benn and Evans, 1998 ]. In this instance, the absence of complex terrain with multiple moraines suggests that these landforms were produced by a single event, presumably the same one that produced the gullies. At other locations we have found indications of both multiple moraines whose appearance suggests a range of ages. Moraines appear in association with only a very small fraction of gullied slopes, probably due in part to their poor preservation potential.
Geochemical Impact of Cold Climate Hydrology
[52] Although individual water eruptions at the present epoch may be small, their cumulative contribution to the surface inventory over geologic time could be significant. Larger events at early epochs would also have contributed in a significant fashion. One estimate of this contribution is the amount of water displaced from a water-saturated regolith that freezes from the surface downward. The regolith is assumed to have a porosity of 20% at the surface Figure 7 . Mars Global Surveyor MOC image E11-04033 (lat. = 39.1°S, long. = 166.3°W) of the poleward-facing crater wall, hosting channels and moraine-like landforms. The scene is 1.7 km across.
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that decreases exponentially with a scale length of 2.8 km (the self-compaction scale length) [Clifford, 1993] . The surface temperature is held fixed and the temperature profile is calculated using the heat flow evolution model of Spohn [1991] . At finite depth intervals, the fraction of water expelled by a freezing aquifer is calculated using equation (2) of Gaidos [2001] . This fraction varies from about 8% at the surface to 6% at a depth of 6 km. The total volume of water erupted by a given time is the integral of the water displaced from the regolith between the surface and the base of the cryosphere. This is a function of the assumed surface temperature. The expelled water is plotted as an equivalent water column depth in Figure 8 .
[53] Theoretical models of subsurface ice find that, in the absence of a subsurface source of water, a cryosphere is stable only at latitudes higher than 30° [Mellon et al., 1997] . This conclusion is supported by substantial geomorphic evidence for ground ice at high latitudes but not near the equator [Squyres and Carr, 1986] . If the average surface temperature has been about 200 K and water has erupted beneath only about half the planet's surface, the current cumulative reservoir would be equivalent to a layer of water about 12 m deep. Curiously, this is the estimated volume of water in the permanent north polar cap (1.5 Â 10 6 km 3 ) if a low dust fraction is assumed [Johnson et al., 2000] . Under present conditions, the ultimate fate of most water carried to the surface is to be cold-trapped in the polar caps or highlatitude regolith. An intriguing, but highly speculative scenario is that polar cap water is the accumulation of H 2 O that erupted from the cryosphere and migrated to the poles over recent Mars history, not the residual of a primordial surface inventory depleted by early atmospheric escape.
H Isotope Systematics
[54] Mars is an extremely arid planet and introduction of even small amounts of water, the dominant hydrogen phase, can have an enormous impact on the hydrogen isotopic composition (D/H) of surface reservoirs. Hydrogen escapes from the atmosphere to space at a rate equivalent to 10 À3 mm yr À1 of H 2 O [Yung et al., 1988] . Isotopic fractionation during escape enriches the atmosphere surficial reservoirs such as the seasonal polar frosts with deuterium. The fractionation factor f averaged over the solar cycle is estimated to be 0.105 [Krasnopolsky and Feldman, 2001] . The present atmospheric value of D/H is 5.5 relative to the terrestrial SMOW value of 1.65 Â 10 À4 [Owen et al., 1988] . (The bulk D/H of polar cap water has not been directly measured and need not reflect the atmospheric value.) Because the atmosphere contains only $10 precipitable (pr)-mm of H 2 O, it must be replenished from a considerably larger reservoir. This reservoir could be a long-term reservoir such as the permanent polar caps, high latitude ground ice, or water adsorbed in the regolith [Kass and Yung, 1999; Krasnopolsky, 2000] .
[55] The D/H of the larger reservoir must be lower than the atmospheric value [Kass and Yung, 1999] . If the atmosphere is assumed to be in an isotopic steady-state (saturation), the required D/H is 5.5f or 0.58. The fractionation between surface ice and the vapor phase at Martian surface temperature is 0.79 [Kass and Yung, 1999] , and thus an icy reservoir must have a D/H near terrestrial value. However, several lines of evidence support higher values of D/H for surface reservoirs. First, formation of ancient watercarved features demand an initial surface inventories equivalent to a global water layer equivalent to at least 100 m, a factor m = 8 larger than the present [Carr, 1996] . Second, independent model-based estimates of H and O loss to space over Mars history indicate that $50 m of water has been lost over the last 3. [Sugiura and Hoshino, 2000; Leshin, 2000] , consistent with these fractionation calculations.
[56] One explanation for the discrepancy between expected and required D/H ratios is that the atmospheric value does not represent steady-state. The permanent ice caps may isotopically exchange with the atmosphere during periods of high obliquity and pronounced climate change, but the last such event was 400 kyr ago [Touma and Widsom, 1993] , i.e., much longer than the residence time of water in the atmosphere (10 kyr). Kass and Yung [1999] proposed that an intermediate reservoir that exchanges with the atmosphere on a timescale much shorter than 10 kyr slows the increase in atmospheric D/H. The required size of this hypothetical reservoir can be estimated by solving for m as a function of r (equation (27)) and assuming that both the atmosphere and the intermediate reservoir were reset 400 kyr ago and 400 pr-mm of water have been subsequently lost. For an initial D/H of 3.5 and f = 0.105, we find m = 3.3 and Figure 8 . Amount of water expelled from a hypothetical water-saturated Martian regolith as it freezes during Mars history, expressed as the thickness of a global layer. The mean surface temperature is left as an independent variable.
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an initial reservoir size of 10 4 precipitable mm. Adsorbed water in the regolith could exchange this much water in $100 yr and is a plausible candidate for this intermediate reservoir [Kass and Yung, 1999] . Higher values of D/H require a larger intermediate reservoir. However, this intermediate reservoir must still be reset by exchange with large reservoirs such as polar ice on longer timescales. The reservoir size discussed above is equivalent to a mere 15 cm of the permanent north polar cap. But if the D/H of polar ice is similar to that of SNC meteorites the entire permanent cap must exchange with the intermediate reservoir to maintain that D/H below 5.5. Furthermore, if polar water D/H is close to atmospheric it cannot be the source of D-poor water for the intermediate reservoir.
[57] D-poor water from deep subsurface aquifers is an alternative source to recharge an intermediate reservoir and the atmosphere [Donahue, 2001] . A primordial reservoir below a permanent cryosphere may have experienced little or no fractionation compared to near-surface reservoirs that have experienced mixing with the surface. Water erupted to the surface will freeze and sublimate to the atmosphere, ultimately being re-absorbed into the regolith, refreezing as shallow ground ice, or accumulating on the polar caps. The average eruption rate of a few pr-mm per kyr (few meters per Gyr) is sufficient to maintain the D/H of an intermediate reservoir against exchange with the atmosphere and loss of H to space: In steady-state, the ratio of the global eruption rate to the atmospheric loss rate of hydrogen s can be determined by a simple mass balance equation between the source, the polar caps (a sink), and loss to the atmosphere.
where R a and R s are the D/H ratios of the atmosphere and source and g % 1.25 describes the equilibrium partitioning of deuterium between the ice phase of the polar caps and the vapor phase of the atmosphere. For R s = 1.9 the required source is only 1.2 times the loss rate, or about a global meter of water per Gyr (Figure 9 ). These rates are well within the estimated water eruption rate from a freezing cryosphere.
Surface Salts
[58] A cold climate regime and the absence of an early warm, wet period is consistent with the low erosion rates, survival of unstable igneous minerals, and absence of secondary minerals such as clays and carbonates inferred from remote sensing of the Martian surface. (Fine-grained and weathered carbonates such as calcretes have a dramatically suppressed spectral signature and may go undetected in the soil and regolith [Kirkland et al., 2001] ). Infrared reflectance spectra obtained by MGS-TES are consistent with a surface mineralogy dominated by clinopyroxenes, plagioclase feldspar, and volcanic glass [Bandfield et al., 2000] . However, any scenario should also explain the elemental composition of surface fines as measured by the Viking 1, Viking 2, and Pathfinder landers, and the existence of secondary mineral assemblages in the SNC (Martian) meteorites that are thought to derive from the shallow crust.
[59] The composition of the Martian soil, remarkably uniform between the widely separated lander sites, can be described as the admixture of a dominant component derived from tholeitic-like basalts chemically similar to shergottite (Martian) meteorites and a minor ''salt'' component enriched in the mobile elements S, Cl, K, and possibly Na and Br [Clark and Van Hart, 1981; Rieder et al., 1997; McSween and Keil, 2000] . Sulfate and chloride salts are also suggested by the degree of soil induration at the Viking sites [Arvidson et al., 1989] . A viable mechanism for the introduction of these salts must reconcile their presence with the complete absence of other indicators of chemical alteration at the surface. A comparison of Martian soils and shergottites indicates only a limited degree of chemical weathering akin to palagonization [McSween and Keil, 2000] . As McSween and others have pointed out, the presence of a salt component cannot be explained by an ancient surface weathering event followed by remixing of the soluble and insoluble components in the regolith. This scenario would yield a soil with the chemical composition of the original, unweathered source rocks. Possible sources of the salt component include volcanogenic aerosols [Clark and Baird, 1979; Banin et al., 1997] , hydrothermal fluids [Newsom and Hagerty, 1999] , and evaporites [McSween and Harvey, 1998 ]. Carbonates separate from chloride and sulfate salts during precipitation by freezing or sublimation [Marion, 2001] , but their absence from the surface requires ad hoc postulates about burial or acidification.
[60] Secondary mineral assemblages in SNC (Martian) meteorites, including clays and carbonate, sulfate, and chloride salts, are unambiguous indicators of past aqueous activity on Mars. These interstitial minerals appear to have formed by rock-water interaction at low temperature (<150°C) [Eiler et al., 2002] and, on the basis of lack of alteration of the brecciated host silicates, precipitated during a brief period of time. Moreover, the secondary minerals appear to post-date crystallization of the igneous parent rock by several hundreds Myr, including an Amazonian age of 680 Myr in the Lafayette meteorite [Gooding, 1992; Bridges and Grady, 2000; Bridges et al., 2001 ]. An important caveat is that all SNC meteorites have experienced high shock pressures, probably due to impact events that could have generated transient low-temperature hydrothermal circulation and altered pre-existing minerals.
[61] We use a geochemical model to assess whether development of a cryosphere could have precipitated most carbonates within the crust, and whether eruption of the residual brine from beneath this cryosphere could have produced the observed surface salts. We modeled this geochemical evolution using the FREZCHEM model, which is an equilibrium chemical thermodynamic model parameterized for concentrated electrolyte solutions using the Pitzer equations for the temperature range from <À70 to 25°C [Marion and Farren, 1999; Marion, 2001 Marion, , 2002 ; G. M. Marion et al., Modeling aqueous iron chemistry at low temperatures with application to Mars, submitted to Geochimica et Cosmochimica Acta, 2003] and the pressure range from 1 to 1000 bars. This model currently has 56 solid phases including ice, 11 chloride minerals, 14 sulfate minerals, 15 carbonate minerals, five solid-phase acids, three nitrate minerals, six acid-salts, and one iron oxide.
[62] We ran two series of simulations to quantify how evaporation and freezing would affect the chemical compositions of aqueous solutions on Mars. We assumed an aquifer 5 km thick, divided for modeling purposes into 10 layers, each 0.5 km in thickness. The lithostatic pressure for Mars was assumed to be 102 bars km À1 (a mean crustal density of 2700 kg m
À3
). The temperatures for the simulations were based on the freezing point depression of the aqueous solutions, which is a function of chemical composition and pressure, and is calculated by the FREZCHEM model. As the starting point for chemical composition, we assumed a hypothetical early Mars water based on groundwater compositions for ultramafic rocks on Earth [Catling, 1999] (Na = 0.8 mM, K = 0.07 mM, Mg = 1.0 mM, Ca = 0.5 mM, Fe = 0.8 mM, Cl = 0.65 mM, SO 4 = 0.18 mM, and alkalinity = 4.46 mM, where mM is the molal concentration (10 À3 moles/kg(water))). We assumed that the partial pressure of CO 2 on early Mars would be in the range from 50 to 250 mbars [Bridges et al., 2001] .
[63] For the purposes of this study, we used an initial partial pressure of 100 mbars that declined to 50 mbars over time and we assumed that this decline was sufficient to halt any further concentration of brine by evaporation. A decline of 50 mbars of atmospheric CO 2 is equivalent to precipitation of 0.06 moles of carbonate. The original alkalinity (4.46 mM) would have to be concentrated 26.9-fold, presumably by surface evaporation, in order to supply the carbon needed to precipitate 0.06 moles of carbonate. So, the original ''Catling'' solution (see above) was concentrated 26.9-fold, and this served as our Martian brine. Initially, this Martian brine was equilibrated at P CO 2 = 50 mbars within each of the 10 layers. Under these conditions, virtually all the Fe (99.99%) precipitates as siderite (FeCO 3 ), and 77.6 to 96.6% of the Ca precipitates as calcite (CaCO 3 ). After equilibration of each 0.5 km layer separately, we then froze the profile from the top down, layer by layer, assuming that the freezing process would be sufficiently slow that all soluble salts would be ejected into the lower unfrozen, layers. This process leads to increasing salt concentrations with depth ( Figure 10 ). These freezing simulations were done assuming that all Fe was removed in the initial evaporative concentration. Freeze concentration leads to the additional precipitation of calcite and the removal of some Mg as hydromagnesite at depth (Figure 10 ). During the early phases of this freezing process, eruptions could have come from any of the layers. But over time as layers freeze, eruptions would come from progressively deeper layers. If the equilibrated concentrations from the deepest layer (4.5 -5.0 km) erupts to the surface, the lower total pressure and lower P CO 2 at the surface (from 50 mbars to 5 mbars (current Mars P CO 2 [Kieffer et al., 1992] )) would lead to significant additional precipitation of hydromagnesite at the surface. For example, 77.5% of the Mg and 88.0% of the alkalinity in the deepest layer (Figure 10 ) would precipitate as hydromagnesite on the surface; the residual solution is dominated by NaCl. Allowing the residual erupted solution to freeze to the eutectic (237.25 K) ultimately leads to precipitation of ice, additional hydromagnesite, mirabilite (Na 2 SO 4 Á 10H 2 O), sylvite (KCl), hydrohalite (NaCl Á 2H 2 O), and MgCl 2 Á 12H 2 O. The long-term consequence of evaporation at the surface, followed by freezing of the regolith, and brine eruptions to the surface is to first remove alkalinity, then sulfate, and finally chloride salts from the initial Martian aqueous composition. Our scenario predicts that carbonates have largely accumulated within the regolith, except for hydromagnesite, which may be present locally on the surface along with sulfate and chloride salts. A 5.2-5.4 mm feature in spectra obtained by spacecraft and ground-based telescopes and ascribed to hydrous carbonates has yet to be confirmed [Calvin et al., 1994] . Cryogenic Figure 10 . The regolith layer (0.5 km) molal concentrations as the freezing front moves through the Martian profile. Minerals that should theoretically precipitate within the profile either from the initial evaporative concentration or later from freezing concentration are listed. Above 4 km, siderite and calcite precipitate; below this hydromagnesite also precipitates.
formation of calcite is associated with fractionation of stable carbon isotopes, an effect that could explain the observed d 13 C of carbonates in the Nakla and ALH 84001 meteorites [Socki et al., 2001 [Socki et al., , 2002 .
[64] Is a mass balance calculation consistent with ancient Mars groundwater as a source of soil salts? The soils sampled by the Viking and Pathfinder landers are approximately 0.7% weight Cl. Assuming a bulk density of 1.55 g cm À3 this is about 11 kg Cl m
À1
. Our hypothetical Mars brine produced by concentration of mafic rock groundwater includes 17.5 mM Cl [Catling, 1999] equivalent to 0.62 kg Cl per m À3 of water. Thus a global 25 m layer of this brine would provide the Cl in 1.4 m of soil. If this brine were cryogenically concentrated by a factor of 10 before eruption to the surface, the same volume of brine would provide the Cl in 14 m of soil. Presumably, these salts would have been concentrated as evaporites near the sites of aqueous activity (e.g., outflow channels). Over billions of years, however, aeolian transport and impacts have globally homogenized soil fines and more uniformly redistributed the salts [McSween and Keil, 2000] . Additional input of Cl may have come from volcanic HCl [Banin et al., 1997] .
A Cold Early Mars and Life
[65] The historical view of Mars as a favorable abode for life ended with the first detailed spectroscopy of the planet's atmosphere [Kaplan et al., 1964] and the first close-up images returned by the Mariner IV spacecraft [Leighton et al., 1965] . These revealed a planet with a heavily cratered surface and a thin atmosphere containing little water vapor. These disappointments were followed a decade later by the failure of the Viking lander biology experiments to find evidence of biology and the discovery that the surface possesses a superoxidizing chemistry [Oyama and Berdahl, 1977; Horowitz et al., 1977] . But evidence of copious ground ice and images of outflow channels and valley networks on ancient terrains tempered pessimism: Life, it was argued, could have arisen on a more clement early Mars and it, or fossil forms, may have survived to the present era [Pollack, 1975] . The discovery of apparently recent aqueous activity [Malin and Edgett, 2000a] has bolstered speculation that liquid water oases persist near the planet's surface of present-day.
[66] Lack of an early epoch of warm, wet climate would seem to bode ill for the prospects of finding life on the planet. However, life on the early surface would have faced other obstacles such as giant impacts and high ultraviolet radiation, as did life on the early Earth [Nisbet and Sleep, 2001] . Surface conditions are irrelevant to deep crustal or submarine hydrothermal systems, currently a favorite paradigm for the environment of the origin of terrestrial life [Baross and Hoffmann, 1985] . A variety of chemotrophic lifestyles could be supported by the chemical disequilibrium created by the mixing of high-temperature and lowtemperature fluids. There is at least one model that uses successive freezing and thawing of ice to concentrate monomers to levels necessary for prebiotic synthesis of polymers [Bada et al., 1994] . More problematic is the evolution of photosynthesis and phototrophy-based ecosystems. However, seasonally active photosynthetic microorganisms are found in Antarctic lake ice [Gordon et al., 2000] and as cryptoendoliths in rocks [Friedmann, 1982] . If Mars has been locked in a cold climate state since its formation, the scenario we have described will assist in identifying potential sites where extinct or even extant life may yet be discovered.
[67] For example, if a glacier-like landform noted by Arfstrom [2002] is indeed an ice sheet produced by freezing groundwater, its lifetime against evaporation can be estimated. The mean temperature on a poleward-facing slope of 17°(estimated from MOLA data at that site) at a latitude of 36°S is 200 K [Mellon and Phillips, 2001] . Adjusting the temperature variation calculated by Mellon and Phillips for the higher thermal inertia of ice, we estimate that the ice experiences maximum temperatures around 210 K. The estimated evaporation rate at that temperature is $10 À9 m sec
À1
. If the thickness of the ice is no more than 50 m its lifetime against evaporation, and thus the age of the ice, is a mere 1500 years. Recovery of viable microorganisms from terrestrial Holocene-age glacial ice [Christner et al., 2000] suggests that any recent Martian ''glaciers'' that arose from deep groundwater sources are excellent targets for future exobiology missions. 
